For applying local field enhancement arising from local plasmons present in noble metal nanoparticles to biochemical sensors, such as surface-enhanced Raman scattering (SERS) sensors, it is important to control both the shape and the arrangement of the nanoparticles.
Introduction
For applying local field enhancement arising from local plasmons present in noble metal nanoparticles to biochemical sensors, such as surface-enhanced Raman scattering (SERS) sensors, it is important to control both the shape and the arrangement of the nanoparticles. 1 It is well known that wellordered 2D periodic arrays of triangular nanoparticles prepared by nanosphere lithography (NSL) show plasma resonance within a rather narrow wavelength region, and the sharp corners of the triangles result in strong SERS. 2 Although NSL enables the size of the nanoparticles to be tuned, the number density of the nanoparticles is geometrically fixed. Some applications, such as Raman imaging, may require more SERS-active spots to improve the space resolution. In addition, it is difficult to tune the lowest order of the local plasma resonance to the near-infrared (NIR) region, which is appropriate for biological applications. 3 A drastic enhancement in the local field is considered to also occur at the ends of elongated nanoparticles. 4 In fact, for light in the visible to NIR region, SERS has been observed on arrays of elongated Ag nanoparticles, or so-called nanorods, whose widths are in the range of tens of nanometers and whose aspect ratios are 2 -5. [5] [6] [7] Liao et al. 5 prepared in-line aligned nanorod arrays on lithographically produced templates, while Martínes et al. 6 and Wachter et al. 7 produced side-by-side aligned nanorod arrays by oblique deposition. Taking into account the gap enhancement in the local field, 8 in-line alignment of the nanorods is more desirable than side-by-side alignment. However, even today, it is difficult to produce sub-micrometer patterns over large areas at low cost.
Gold nanorods are also attracting much interest, since chemically stable Au is considered to be preferred to Ag for the material of the SERS substrates. In addition to lithographically produced Au nanorod arrays, 9 random aggregates of Au nanorods produced by chemical routes [10] [11] [12] are extensively investigated. However, it is not easy to immobilize the Au nanorods uniformly in isolation with each other.
Recently, we demonstrated the direct formation of Ag nanorods with quasi-parallel major axes on a template layer of SiO2 having a strongly anisotropic surface morphology by using a dynamic oblique deposition (DOD) technique. 13 These Ag nanorods show excellent SERS properties. 14, 15 In this study, we report that physically self-assembled Au nanorod arrays show fairly highly sensitive SERS properties that are comparable with those of Ag.
Experimental
The preparation method of Au nanorod arrays is basically the same as that of Ag nanorod arrays reported in our previous papers. 14, 15 Briefly, template layers of SiO2 were prepared on a glass substrate by the serial bideposition (SBD) technique, which is a version of the vacuum evaporation technique. During SBD, the deposition angle, αSiO 2 , measured from the surface normal was fixed to 78.6˚, while the azimuth was rapidly changed by 180˚ with each deposition of a 10-nm-thick layer. By repeating 0 -50 cycles of SBD, a SiO2 template layer with a thickness, tSiO 2 , of 0 -500 nm was prepared. Then, Au was evaporated up to a thickness, tAu, of 10 nm at a deposition angle, αAu, of 73.4˚ onto the fabricated template layer. The deposition angles and thicknesses of each sample are listed in Table 1 . Raman spectroscopy was performed using a near-IR confocal Raman microscope (HORIBA Jobin Yvon, the LabRam 1B) at an excitation wavelength of 785 nm and a power of 1.5 mW. The microscope uses a 60× objective (the NA of which is 0.7) and a confocal pinhole with a diameter of 1.1 mm. In order to conduct in situ measurements of SERS on the Au nanorod arrays immersed in a 4,4′-bipyridine (BiPy) water solution, we created a small cell (having a diameter of 6 mm and containing a spacer of silicone rubber with a thickness of 0.5 mm) on the sample. After the cell was filled with a BiPy solution, it was sealed with a cover glass. We have demonstrated surface-enhanced Raman spectroscopy (SERS) on arrays of Au nanorods aligned in line by a dynamic oblique deposition technique. For light polarized along the major axes of the nanorods, the plasma resonance of the Au nanorods has been tuned to a wavelength suitable for Raman spectroscopy. Raman scattering on the discrete nanorods is significantly enhanced compared with that on semicontinuous Au films. Since the preparation process is physically bottom-up, it is robust in its selection of the materials and is useful for providing SERS sensors at low cost. Figure 1 shows the morphology of a typical SiO2 template layer. The anisotropic morphologies of the SiO2 template are clearly observed. The cross section fractured parallel to the incident plane of the SiO2 flux shows a narrow and long columnar structure ( Fig. 1(d) ), while in the cross section fractured perpendicular to the incident plane of the SiO2 flux, the columns are bundled and form wide columns ( Fig. 1(c) ). As a result, the surface shows anisotropic corrugation ( Fig. 1(b) ).
The anisotropic morphology of the template was physically selfassembled without the use of any lithographic technique.
When a small amount of Au is obliquely deposited on the template layer, Au sticks to the higher part of the template surface. As a result, the Au nanoparticles are elongated with a quasi-parallel alignment, reflecting the anisotropic surface morphology of the template surface, and the so-called nanorod arrays are obtained. Here, we notice that the widths of the columns in the template layer increase with the thickness of the template layer due to a fan-out effect, 16 as shown in Fig. 1(d) . This enables the shapes of the Au nanorods, and thus the local plasmon resonance, to be tuned.
In fact, the morphology and the optical absorption spectra of the Au nanorod array depend on the thickness of the template layer, as shown in Fig. 2 . In sample B, in which Au was directly deposited on a flat substrate at an oblique angle, a distinct anisotropy in the morphology is not observed (Fig.  2(a) ). Although Au forms a discontinuous film due to selfshadowing, the thickness of 10 nm is too small to form the needle-like columns reported in other studies. 6, 7 The optical absorption is also less anisotropic, as indicated in Fig. 2(d) , while weak plasmon peaks are observed at a photon energy of around 1.9 eV. In contrast, elongated Au nanorods are formed on the samples with the template layer (e.g. samples C and F shown in Figs. 2(b) and (c), respectively) . The optical absorption of these samples is strongly anisotropic, as shown in Figs. 2(e) and (f). The absorption of s-polarized light reaches its peak at energies of 1.5 eV or less, while the absorption of p-polarized light reaches its weak peak at approximately 2.2 eV, where the electric fields of s-and p-polarized light vibrate parallel and perpendicular to the major axes of the Au nanorods, respectively. Generally, the plasma resonance along the major axis of the elongated metal nanoparticles red-shifts due to the weakening of the depolarization effect, while the resonance along the minor axis blue-shifts slightly. 17, 18 The present results are consistent with this general tendency of the plasma resonance of free electrons confined in the elongated metal nanoparticles. It is clear that the sizes and aspect ratios of the nanorods and the separation between them are smaller for sample C with the thin 830 ANALYTICAL SCIENCES JULY 2007, VOL. 23 template layer than for sample F with the thick template layer. These differences in the morphology are attributed to the thickness dependence of the template morphology. The optical absorption spectra also depend on the thickness of the template, particularly for s-polarized light in the NIR region. The Raman spectra of the BiPy solution measured for selected samples of the Au nanorod arrays are shown in Figs. 2(g) -(i) , in which the spectra of the samples other than samples B, C, and F are also plotted for a comparison.
No significant enhancement in Raman scattering is observed for sample A (Fig. 2(g) ), which was prepared by normal deposition on a flat substrate, and had an almost continuous Au layer. By roughening the surface of the Au layer through oblique deposition (as in sample B), significantly enhanced Raman scattering could be observed. Although it is clear that only the oblique deposition of Au is effective for enhancing Raman scattering, much more enhancement can be achieved by using the anisotropic template layer, as indicated in Figs. 2(h) and (i) . In order to understand the effectiveness of the SiO2 template layer, the SERS intensity at around 1019 cm -1 is plotted as a function of the thickness of the template layer, as shown in Fig. 3 . It is clear that the SERS intensity increases with the template thickness. In particular, for a sample with a 500-nmthick template, which shows the strongest anisotropy in optical absorption among the investigated samples, strong SERS comparable to that of the Ag nanorod arrays is obtained, as shown in Fig. 2(i) . Here, the morphology and optical properties of the Ag nanorod arrays are basically the same as those reported in our previous study, 14 and are similar to those of the Au nanorod arrays in sample F. Some researchers may be under the impression that SERS on Au nanoparticles is 1 -2 orders of magnitude smaller than that on Ag nanoparticles. However, this is correct only for spherical nanoparticles that resonate in the visible wavelength region, since the interband transition in this region disturbs the plasma resonance in the case of Au. Kneipp et al. 19 have emphasized that Au colloidal clusters that are characterized by plasma resonance in the NIR region show the same enhancement as the Ag colloidal clusters. This is realized in the nanorod arrays investigated in this study.
The enhancement factor of the investigated Au nanorod arrays may be as large as that of the Ag nanorod arrays, and is estimated to be on the order of 10 9 . 15 It is remarkable that the nanorod array prepared at αAu = 3.4å lso shows considerably strong SERS when Au is deposited on the SiO2 template layer, as indicated by open circles in Fig. 3 . In general, oblique deposition requires a large amount of deposition, since the vapor-flux component perpendicular to the surface is proportional to cos α. The SiO2 template layer is quite effective for reducing the wastage of Au.
A graded thickness distribution due to oblique deposition seems to be a problem when SERS substrates are to be formed over a large area. However, the in-plane thickness distribution 831 ANALYTICAL SCIENCES JULY 2007, VOL. 23 in the template layers is negligible, since the vapor of SiO2 is alternately incident from opposite directions. The long distance of 50 cm between the source and the substrate in our apparatus ensures that the thickness distribution is maintained at less than a few percent, even for simple oblique deposition. Therefore, our nanorod arrays are macroscopically homogeneous, as shown in Fig. 4 . Although a difference in the practical color among the samples cannot be clearly distinguished, it is clear that uniformity over a large area of 50 × 25 mm 2 has been successfully achieved, even for samples prepared at large αAu.
Since Au is chemically stable, it is considered that the SERS properties exhibit long-term stability. Figure 5 shows the variation in the SERS peak intensity at 1019 cm -1 as a function of the storage time for samples prepared under condition C. Two samples were prepared under the same condition, and the SERS intensity was measured by using a piece cut from each sample stored in a standard desiccator. Unexpectedly, the SERS intensity sharply decreases within a few days after preparation. Since no significant change of the absorbance spectra has been observed, we speculate that the initial decrease in the SERS intensity is caused by the absorption of contamination on the Au nanorods. Even though the initial decrease of the SERS intensity is not trivial, an almost constant SERS is obtained for more than 40 days. All of the SERS spectra shown in Fig. 2 were measured after this stabilization. It is clear that the enhancement in Raman scattering is still significant. Although we had to give up continuing the evaluation of the long-term stability of the Au nanorod arrays due to the replacement of some parts in the Raman microscope, all of the Au nanorod arrays maintained high SERS sensitivity for more than one year. Also, no significant change in the optical properties was observed. This is contrary to that the Ag nanorod arrays fade within a few months. Further studies are required in order to clarify the actual origin of the initial decrease of the SERS intensity, and in order to confirm the quantitative advantage of Au over Ag. However, we can conclude here that the Au nanorod arrays produce by DOD have the long-term stability appropriate for practical applications.
Conclusion
We have succeeded to directly fabricate arrays of Au nanorods on a glass substrate by DOD. Discontinuous Au islands are obliquely deposited onto the template layer of SiO2, which has a strongly anisotropic surface morphology brought about by SBD at an oblique angle. The morphological features of the nanorods, such as the aspect ratio, have been controlled by choosing appropriate DOD conditions. This enables the plasmonic properties to be tuned so that superior SERS can be obtained. For Raman scattering at an excitation of 785 nm, we have successfully prepared nanorod arrays showing plasma resonance in the NIR region. These nanorod arrays provide intense SERS spectra comparable with those of Ag nanorod arrays. Furthermore, the nanorod arrays presented here are stable; as a result, they can be practically applied to biochemical sensors with high reproducibility.
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